The objectives of this study were to determine how dietary supplementation of N-carbamylglutamate (NCG) and rumen-protected L-arginine (RP-Arg) in nutrient-restricted pregnant Hu sheep would affect (1) maternal endocrine status; (2) maternal, fetal, and placental antioxidation capability; and (3) placental development. From day 35 to day 110 of gestation, 32 Hu ewes carrying twin fetuses were allocated randomly into four groups: 100% of NRC-recommended nutrient requirements, 50% of NRC recommendations, 50% of NRC recommendations supplemented with 20 g/day RP-Arg, and 50% of NRC recommendations supplemented with 5 g/day NCG product. The results showed that in maternal and fetal plasma and placentomes, the activities of total antioxidant capacity and superoxide dismutase were increased (P < 0.05); however, the activity of glutathione peroxidase and the concentration of maleic dialdehyde were decreased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes. The mRNA expression of vascular endothelial growth factor and Fms-like tyrosine kinase 1 was increased (P < 0.05) in 50% NRC ewes than in 100% NRC ewes, and had no effect (P > 0.05) in both NCG-and RP-Arg-treated underfed ewes. A supplement of RP-Arg and NCG reduced (P < 0.05) the concentrations of progesterone, cortisol, and estradiol-17β; had no effect on T 4 /T 3 ; and improved (P < 0.05) the concentrations of leptin, insulin-like growth factor 1, tri-iodothyronine (T 3 ), and thyroxine (T 4 ) in serum from underfed ewes. These results indicate that dietary supplementation of NCG and RP-Arg in underfed ewes could influence maternal endocrine status, improve the maternal-fetal-placental antioxidation capability, and promote fetal and placental development during early-to-late gestation.
Introduction
Intrauterine growth restriction (IUGR) is a major concern for the livestock industry because fetal growth restriction leads to negative impacts on animal performance later in life (Wu et al. 2006 , He et al. 2011 . The Hu sheep are noted for their precociousness and prolificacy. During reproduction, insufficient availability and/or delivery of nutrients to the conceptus often occur resulting in IUGR. Surviving infants with IUGR are at an increased risk of neurological, respiratory, intestinal, and circulatory disorders (Gluckman & Hanson 2006) . To date, there is no therapeutic means for preventing or ameliorating IUGR, the current management being empirical and primarily aimed at selecting a safe time for delivery (Mari & Hanif 2007) .
L-arginine (Arg) is a nutritionally important amino acid and plays multiple physiological functions in animals (Mateo et al. 2007 , Yao et al. 2008 , Tan et al. 2011 . As a precursor of polyamines and nitric oxide (NO), Arg enhances placental angiogenes (Raghavan & Dikshit 2004) , fetal-placental blood flow (Tan et al. 2012) , and antioxidant ability and ameliorates lipid peroxidation during gestation (Morris 2009). It has been reported that parenteral administration of Arg in prolific ewes improved survival rate of fetal lamb to term (Lassala et al. 2011 , McCoard et al. 2013 . However, Arg is rapidly degraded in the rumen, and parental administration of Arg to a farm animal is not a practical approach. Therefore, we used rumen-protected L-arginine (RP-Arg) in our study. N-carbamylglutamate (NCG) is a cofactor of carbamoyl phosphate synthetase-1, a rate-liming enzyme responsible for both the urea cycle and the Arg synthetic pathway (Wu et al. 2004 (Wu et al. , 2012a . Dietary supplementation of NCG has the potential to improve pregnancy outcomes (litter size and litter weight) due to its efficiency in increasing the concentrations of the arginine-family AA in maternal circulations and uterine fluids, which could improve early embryonic development and implantation (Zeng et al. 2012) . NCG also exhibits a lower degree of rumen degradation compared with Arg (Chacher et al. 2012) . The mechanism of NCG may lie in increasing the endogenous synthesis of Arg (Liu et al. 2012 , Wu et al. 2012b . Therefore, NCG is considered as an Arg enhancer.
The placenta plays an important role in the growth and development of the fetus. Placental angiogenesis supports the required blood flow on the fetal side necessary for fetal growth and development. Therefore, vasculogenesis and angiogenesis are critical for proper placental function and thus for normal embryonic/fetal growth and development (Demir et al. 2007 , Arroyo & Winn 2008 . L-arginine and NCG supplementation improved litter size, and fetal survival might relate to the mechanism of elevating vascular endothelial growth factor (VEGF), placenta growth factor 1 (PlGF1), and endothelial NO synthase (eNOS) gene expression in placental surface vessels (Wu et al. 2012a ). L-arginine and NCG may regulate angiogenesis and vascular development and functions of umbilical vein and placenta, providing more nutrients and oxygen from mother to fetuses for fetal survival, growth, and development (Liu et al. 2012) . Vatnick et al. (1991) first described a morphologic classification system for placentomes, in which the placentomes are classified based on their shape. Placentome morphology does not affect placental vascularity, expression of angiogenic factors, cell proliferation, or tissue composition (Vonnahme et al. 2008) . However, the combined effects of maternal dietary and placental types on placental development are still unknown.
Although the impact of nutrient restriction during gestation in ewes includes reduced fetal growth (Vonnahme et al. 2003) , poor wool, and carcass quality (Kelley et al. 1996) , it is unknown how dietary supplementation of NCG and rumen-protected L-arginine (RP-Arg) could influence maternal endocrine status, antioxidation capability, and placental development in nutrient-restricted Hu sheep. Furthermore, in order to explain how dietary supplementation of NCG and RP-Arg regulates the reproductive performance of Hu sheep under nutrient-restricted condition, we grab our attention from maternal endocrine status to the expression of placental development-associated genes.
Therefore, the objectives of this study are to determine how dietary supplementation of NCG and RP-Arg in nutrient-restricted Hu sheep would affect (1) maternal concentrations of circulating leptin, progesterone, insulin-like growth factor 1 (IGF1), cortisol, estradiol-17β, thyroxine (T 4 ), and tri-iodothyronine (T 3 ); (2) maternal, fetal, and placental antioxidation capability; (3) placental growth, differentiation, and cellularity; and (4) placental angiogenic and vasoactive factor abundance.
Materials and methods

Animals
Hu ewes were maintained at the Jiangyan Experimental Station of Taizhou, Jiangsu Province of China. During the research period, an indoor facility equipped with heating radiators was used to keep the mean temperature at 15 ± 0.8°C, and lighting was controlled automatically to mimic the photoperiod of the outdoor environment. For the study, 48 multiparous Hu sheep (body weight = 40.1 ± 1.2 kg) of similar age (18.5 ± 0.5 months) and body condition score (BCS) (2.55 ± 0.18; scale 0 = emaciated to 5 = obese; Russel et al. 1969) were selected. After being drenched with 0.2 mg ivermectin per kilogram of BW against endoparasites, all ewes were synchronized using intravaginal progestogen sponges (30 mg; Pharmp PTY, Herston City, Australia) for 12 days. Estrous behavior was monitored using three vasectomized rams at 0800 and 1600 h following the second day of pessary removal. The ewes were artificially inseminated using fresh semen 48 h after sponge withdrawal (day 0 of gestation) and placed in individual pens (1.05 × 1.60 m) for 35 days. The number of fetuses carried by each ewe was determined by ultrasonography (Asonics Microimager 1000 sector scanning instrument; Ausonics Pty Ltd, Sydney, Australia) at day 35 of gestation. In this study, 32 ewes carrying twin fetuses were utilized. Details of the diets are given in Table 1 to meet 100% of the NRC (1985) nutrient requirements for pregnant sheep. All ewes received 100% of NRC requirements of all nutrients and energy from day 0 to 35. The ewes were fed once daily at 0800 h and had free access to clean water. All trials were conducted in accordance with the procedures approved by the Guide for the Care and Use of Laboratory Animals prepared by the Ethics Committee of Nanjing Agricultural University (SYXK 2011-0036).
Experimental design
On day 35 of pregnancy, ewes were randomly assigned to four groups (n = 8): 100% NRC (1985) recommendations, 50% NRC recommendations, 50% NRC + 20 g/day RP-Arg (Beijing Feeding Feed Science Technology Co., Beijing, China), and 50% NRC + 5 g/day NCG (Institute of Subtropical Agriculture, The Chinese Academy of Sciences, Changsha, China). RP-Arg was a 50% Arg product, and NCG was a 50% NCG product. Thus, the actual additional amounts of RP-Arg and NCG was 10 g/day and 2.5 g/day, respectively, which were mixed into the pelleted mixed diet. The protection of RP-Arg in the rumen was ≥85% and the release of RP-Arg in the intestine was ≥90%, which were determined according to the methods in the previous studies (Hervás et al. 2000 , Chacher et al. 2012 . The RP-Arg was performed from glycerides and phospholipids by spray-drying and spray-congealing processes according to Eldem et al. (1991) . The doses of Arg were based on previous studies of pregnant sheep that received parenteral administration of Arg (Wu et al. 2007 , Lassala et al. 2010 , McCoard et al. 2013 , Satterfield et al. 2013 . The dose of NCG was based on previous studies on rats, piglets, and dairy cows (Wu et al. 2012b , Zeng et al. 2012 , Chacher et al. 2014 . Nutrient restriction (50% NRC) was achieved by feeding one-half of the total complete diet calculated to meet 100% NRC requirements.
Beginning on day 35 of gestation, body weight was analyzed every 10 days and feed intake was adjusted based on the changes in body weight. Every 20 days from day 50 of pregnancy until killing, 10 mL of maternal blood was collected from all ewes from the jugular vein, using anticoagulant-free, sterile vacuum tubes (Vacutainer; Becton Dickinson, Franklin Lakes, NJ, USA) and 20 gauge × 3.8 cm blood collection needles (Vacutainer; Becton Dickinson, Franklin Lakes, NJ, USA). Blood was drawn in the morning immediately before feeding the ewes. Samples were placed on ice and immediately centrifuged at 3000 g for 15 min at 4°C. Serum was separated and stored at −80°C. Another set of blood samples were collected into heparinized vacutainer tubes (Sigma) and plasma was stored at −80°C. Blood samples were collected for both serum and plasma stored at −80°C until analysis.
Chemical analyses
Feed samples were analyzed for dry matter (DM), ash, crude protein (CP), ether extract (EE), calcium (Ca), and phosphorus (P) (methods 930.15, 942.05, 990.02, 920.39, 968.08, and 965.17, respectively, Association of Official Analytical Chemists 1990) . The natural detergent fiber (NDF) and acid detergent fiber (ADF) concentrations were quantified as described by Van Soest et al. (1991) . A bomb calorimeter (C200; IKA Works Inc., Staufen, Germany) was used to measure the gross energy (GE) in dietary ingredients.
Tissue collection and handling following necropsy
At day 110 of gestation, each ewe in the experimental group was stunned with a captive-bolt gun (Supercash Mark 2; Acceles and Shelvoke Ltd., Sutton Coldfield, England) and was exsanguinated. After the tip of the gravid uterine horn was exposed, blood samples were drawn from the fetal umbilical vein into cooled heparinized tubes. The heparinized tubes were immediately centrifuged at 3000 g for 10 min at 4°C to obtain plasma. Plasma was stored at −80°C until analysis.
The placenta was further dissected to isolate all placentomes for the assessment of placentome number, gross morphology, and weight. Morphologic type was based on the classification scheme of Vatnick et al. (1991) and was based on the placentome appearance (Braun et al. 2011) as follows: (1) caruncular tissue completely surrounding the cotyledonary tissue (type A), (2) cotyledonary tissue beginning to grow over the surrounding caruncular tissue (type B), (3) flat placentomes with cotyledonary tissue on one surface and caruncular tissue on the other (type C), and (4) everted placentomes resembling bovine placentomes (type D). All placentomes were pooled to determine total placentomal weight. Furthermore, within each placentome type, total and average weight and average diameter were calculated. These placentomes with different types were then separated manually with gentle traction to reveal the individual maternal caruncle and fetal cotyledon components. Individual caruncle and cotyledon components were separated and weighted from each placentome type, and then snap-frozen in liquid nitrogen-cooled isopentane and stored at −80°C for subsequent antioxidation capability and gene expression studies. Simultaneously, the fetuses were weighted and the values were then recorded.
Biochemical analyses of maternal serum and plasma
Maternal leptin, progesterone, estradiol-17β, and IGF1 concentrations were measured in duplicate by radioimmunoassay using a commercial kit (Diagnostic Product; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The sensitivities of the assays were 0.1 ng leptin/mL, 0.2 ng progesterone/mL, 1 pg estradiol-17β/mL, and 6 pmol IGF1/mL. The concentration of each hormone was measured within a single assay, and the intra-assay CV values were all <10%, and the inter-assay CV values were all <15%. Thyroxine (T 4 ; A02PZB) and tri-iodothyronine (T 3 ; A01PZB) concentrations were measured through an equilibriumcompetitive RIA using a commercial kit (Diagnostic Product; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). According to the manufacturer, the sensitivities of the assays were 5 and 0.2 ng/mL respectively. The intra-assay CV were all <10%, and the inter-assay CV were all <15%.
Cortisol concentrations were determined by chemiluminescence immunoassay using the Immulite 1000, utilizing components of commercial kits (Diagnostic Product; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Within the cortisol assay, lesser, medium, and greater cortisol pools were assayed in duplicate. Serum samples were assayed in duplicate for cortisol. The intra-and inter-assay CV were 8.7 and 5.1% respectively.
Detection of T-AOC, GSH-Px, SOD, and MDA concentrations in placental tissue and maternal and fetal plasma
The maleic dialdehyde (MDA), total antioxidant capacity (T-AOC), as well as activities of superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were determined by using commercial kits (Diagnostic Product; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer's protocols. In maternal and fetal plasma, concentrations of GSH-Px, SOD, and MDA were analyzed using commercial kits (Diagnostic Product; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Concentrations were determined using colorimetric methods with a spectrophotometer (WFJ 2100; UNIC Instrument Co. Ltd., Shanghai, China) according to the procedures of Paglia and Valentine (1967), Panchenko et al. (1975), and Placer et al. (1966) respectively. Total antioxidant capacity was examined by commercial kit (Diagnostic Product; Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and a spectrometric method was applied to evaluate T-AOC. In the reaction mixture, ferric ion was reduced by antioxidant-reducing agents and blue complex Fe 2+ -2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) was produced; absorbance was measured at 520 nm. One unit of T-AOC was defined as the amount that increased the absorbance by 0.01 at 37°C and was expressed as units per milliliter in the plasma.
Before the assays, the caruncular and cotyledonary samples from each placentome type were homogenized in 1 mL of 0.15 M NaCl solution and centrifuged at 1510 g for 10 min at 4°C. Then, the supernatant was used for the analysis. The MDA concentration was quantified using the thiobarbituric acid method (Buege & Aust 1978) , which is based on the reaction of MDA with thiobarbituric acid to form a pink chromogen. Data were normalized to protein content and expressed as nmol/mg protein. T-AOC, enzyme-specific activities of GSH-Px, and SOD were expressed as units/mg of protein. Total protein concentration was determined using the Bradford method and was expressed as mg/mL.
Cellularity estimates
Freshly thawed tissue samples (0.5 g) were homogenized in 0.05 M Tris aminomethane, 2.0 M sodium chloride, and 2 mM EDTA buffer (pH 7.4) using a Polytron with a PT-10 s probe (Brinkmann, Westbury, NY, USA). The caruncular and cotyledonary samples from each placentome type were analyzed for DNA, RNA, and protein concentration. The DNA and RNA analyses were performed using the diphenylamine and orcinol procedures respectively (Johnson et al. 1997) . Protein in tissue homogenates was determined using Coomassie brilliant blue G (Bradford 1976) with bovine serum albumin (FractionV; Sigma-Aldrich) as the standard (Johnson et al. 1997) . The prepared samples were analyzed with a spectrophotometer (Beckman DU 640; Beckman Coulter Inc., Brea, CA, USA) and were assessed against concentration curves of known standards. The concentration of DNA was used as an index of hyperplasia, and protein:DNA and RNA:DNA ratios were used as indexes of hypertrophy and potential cellular activity respectively (Scheaffer et al. 2004 ).
Quantification of angiogenic factors
Several angiogenic factors that have been shown to affect placental angiogenesis were analyzed using quantitative real-time PCR. These include the following: vascular endothelial growth factor (VEGF), Fms-like tyrosine kinase 1 (FLT1) and kinase insert domain containing receptor (KDR) (VEGF receptors), placental growth factor (PGF), NO synthase 3 (NOS3), guanylate cyclase 1, soluble, beta 3 (NO receptor, GUCY1B3) ( Table 2) . Caruncular and cotyledonary RNA from each placentome type was extracted using Tri-Reagent (Molecular Research Center, Cincinnati, OH, USA), and total RNA concentration was determined by capillary electrophoresis with an Agilent 2100 Bioanalyzer (Agilent Technologies). Real-time reverse transcriptase polymerase chain reaction (RT-PCR) analysis was used to quantify the amounts of mRNA for VEGF, FLT1, KDR, PGF, NOS3, and GUCY1B3 using methods described (Borowicz et al. 2007 , Redmer et al. 2012 , with the modification that a multiplex reaction was performed after 18S mRNA was added to each well to serve as an internal control (Vonnahme et al. 2008) . The ratio of the gene of interest to the 18S RNA was used for quantifying the gene expression.
Statistical analysis
Statistical comparisons between the four groups of ewes killed on day 110 of gestation or four types of placentomes were completed using a one-way ANOVA. Fetal sex was included in the original model and was found to be nonsignificant (P > 0.05) and was therefore removed in the final model, which only contained maternal nutritional treatment. Maternal and fetal antioxidant capacity in plasma was subjected to leastsquares analysis of variance using the general linear model procedures of the Statistical Analysis System (SAS Institute Inc., Cary, NC, USA) with pair-wise comparisons. Data on the concentrations of metabolites and hormones in serum on day 50, 70, 90, and 110 of pregnancy in ewes were analyzed by two-way ANOVA for repeated measures using the MIXED procedures of SAS to determine the effects of day of pregnancy, group, and day of pregnancy × group interactions. Data on the antioxidant capacity, estimates of cellularity, and mRNA concentration of select angiogenic and vasoactive factors and their receptors among type A, B, C, and D of caruncle and cotyledon in the four groups were analyzed by two-way ANOVA to determine the effects of types of placentome, group, and types of placentome × group interactions. When interactions were significant (P ≤ 0.10), means were separated using the least significant difference procedure. Data are presented as the least-squares mean (LSM) with standard error of the mean (s.e.m.). In one-way or two-way ANOVA, differences between treatment means were determined by the Student-Newman-Keuls multiple comparison test. Log transformation of variables was performed when variance of data were not homogenous among treatment groups, as assessed by the Levene's test. All analyses were performed using the statistical package SAS (version 9.1; SAS Institute Inc). Differences in means were considered to be statistically significant when a P value was ≤0.05.
Results
Fetal weight, average placentome weight, total plascentome weight, and placentome number
There was no difference (P > 0.05) in the weights of the total placentome, mean placentome, caruncular, cotyledonary, and the numbers of placentome among treatments (Table 3 ). The fetal weights were reduced (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes, and the fetal weights were increased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes compared with the 50% NRC ewes. For all types of placentome, there was no difference (P > 0.05) in the weights of average placentome and the length of average diameter among treatments. For type A placentome, the number of placentome and the weight of the total placentome were reduced (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes and were increased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes. For the type B, C, and D placentomes, the number of placentome and the weight of the total placentome were increased (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes and were reduced (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes.
The average weight and diameter of each placentome category increased (P < 0.05) with chorioallantoic eversion from A to D types at day 110 of gestation in Hu sheep fed control diet ( Fig. 1A and D) . The total placentome weight and number of each placentome category decreased (P < 0.05) with chorioallantoic eversion from A to D types at day 110 of gestation in Hu sheep fed control diet, except for the total placentome weight from C to D types (P > 0.05).
The antioxidant capacity of maternal and fetal plasma
For maternal and fetal plasma, the activities of T-AOC and SOD were decreased in the 50% NRC group compared with those of the 100% NRC group (P < 0.05), Table 3 Effects of dietary supplementation of N-carbamylglutamate (NCG) and rumen-protected L-arginine (RP-Arg) on fetal weight, average placentome weight, total plascentome weight, and placentome number on type A, B, C, and D placentomes in nutrient-restricted Hu sheep on day 110 of gestation. and were increased (P < 0.05) in both NCG-and RP-Argtreated underfed ewes (Table 4) ; the activity of GSH-Px and the concentration of MDA were increased in the 50% NRC group compared with that of the 100% NRC group (P < 0.05) and were decreased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes.
Diet
The antioxidant capacity of placentomes
For caruncle and cotyledon, the activities of T-AOC and SOD were decreased (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes, and were increased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes, except for the activity of SOD in the cotyledon tis-sue of RP-Arg-treated underfed ewes (P > 0.05) ( Table 5 ).
The activities of T-AOC and SOD of each placentome category decreased (P < 0.05) with chorioallantoic eversion from A to D types. By contrast, the activity of GSH-Px and the concentration of MDA were increased (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes and were decreased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes; the activity of GSH-Px and the concentration of MDA of each placentome category increased (P < 0.05) with chorioallantoic eversion from A to D types. Of all the antioxidation capability measured, only the activity of T-AOC was affected in caruncle and cotyledon by a group × type interaction (P < 0.05).
Placental cellularity
There were no placental types × diet treatment interactions (P > 0.05) on placental cellularity (Table 6 ). In caruncular tissue, there was no effect (P > 0.05) of diet or placental type on DNA, RNA, RNA:DNA ratio, protein:DNA ratio, or protein concentrations. In cotyledonary tissue, neither diet nor placental type affected (P > 0.05) DNA, RNA concentration, or RNA:DNA ratio. The protein concentration and protein:DNA ratio were decreased (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes, and were increased (P < 0.05) in both NCG-and RP-Arg-treated underfed ewes. The protein concentration and protein:DNA of each placentome category decreased (P < 0.05) with chorioallantoic eversion from A to D types.
Placental angiogenic gene expression
There were no placental type × diet treatment interactions (P > 0.05) on mRNA concentration of select angiogenic and vasoactive factors and their receptors (Table 7) . In caruncular tissue, there was no effect (P > 0.05) of diet or placental type on mRNA concentration of select angiogenic and vasoactive factors and their receptors. In cotyledonary tissue, neither diets nor placental types affected (P > 0.05) on mRNA expression of KDR, NOS3, and PGF. The mRNA expression of VEGF and FLT1 were increased (P < 0.05) in 50% NRC ewes compared with 100% NRC ewes, and were no effect (P > 0.05) in both NCG-and RP-Arg-treated underfed ewes. There was no effect (P > 0.05) of placental type on the mRNA expression of VEGF and FLT1. There was no effect (P > 0.05) of diets on the mRNA expression of GUCY1B3. The mRNA expression of GUCY1B3 of each placentome category increased (P < 0.05) with chorioallantoic eversion from A to D types.
Serum concentrations of metabolites and hormones
Of all the metabolites and hormones measured, they were not affected by a treatment × day interaction (P > 0.05) (Table 8) . A supplement of RP-Arg and NCG reduced (P < 0.05) the concentrations of progesterone, cortisol, and estradiol-17β in serum from underfed ewes but had no effect on T 4 /T 3 . A supplement of RP-Arg and NCG improved (P < 0.05) concentrations of leptin, IGF1, T 3 , and T 4 in serum from underfed ewes. Concentrations of leptin, progesterone, T 4 /T 3 , and estradiol-17β increased (P < 0.01), whereas concentrations of IGF1, T 3 , T 4 , and cortisol decreased (P < 0.05) in ewes between day 50 and 110 of gestation. et al. (2006) reported that Baggs ewes or their conceptuses, which were adapted to both harsh environments and limited nutrition, initiated conversion of type A placentomes to other placentomal types when subjected to an early-to-mid gestational nutrient restriction. Similarly, in this study of Hu sheep during pregnancy, nutrient restriction resulted in the morphologic conversion of placentomes from type A to D (Table 3 ). It was suggested that the shift to more advanced types of placentomes was an attempt to rescue the fetus, perhaps because of increased placentome vascularity or blood flow; however, it seemed that the rescue was failed, Table 5 Effects of dietary supplementation of N-carbamylglutamate (NCG) and rumen-protected L-arginine (RP-Arg) on the antioxidant capacity among type A, B, C, and D placentomes in nutrient-restricted Hu sheep on day 110 of gestation.
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Effects of dietary supplementation of N-carbamylglutamate (NCG) and rumen-protected L-arginine (RP-Arg) on estimates of cellularity among type A, B, C, and D placentomes in nutrient-restricted Hu sheep on day 110 of gestation.
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s.e.m. which showed that the fetal weight was reduced in 50% NRC group than in 100% NRC group. For the type B, C, and D of placentome, the number of placentome was reduced in both NCG-and RP-Arg-treated underfed ewes (Table 3) , which showed that NCG and RP-Arg could ameliorate the eversion of placentomal types from A to D, and further promote the fetal growth. The results in Fig. 1 showed that the average weight and diameter of each placentome category increased, and the total placentome weight and number of each placentome category decreased with chorioallantoic eversion from A to D types in Hu sheep fed control diet, except for the total placentome weight from C to D types. Oxidative stress (OS) can be induced by various factors during animal growth and development (Yin et al. 2015b) , including physical (weaning, housing, transport, and novel handling) (Yin et al. 2013a), social (relocation with unfamiliar penmates), and pathologi-cal environments (Yin et al. 2015a) . Oxidative stress is also caused by an imbalance between pro-oxidants and antioxidants (Al-Gubory et al. 2010) . This ratio can be altered by increased levels of reactive oxygen species (ROS) and/or reactive nitrogen species (RNS), or a decrease in antioxidant defense mechanisms (Ruder et al. 2009 ). Maleic dialdehyde (MDA), as one of the metabolic products of lipid peroxides (Zhan et al. 2007) , is an indicator of ROS-induced oxidative stress. In this study, with the decrease of the maternal dietary intake level during pregnancy, although the concentration of GSH-Px was increased to prevent more products of lipid peroxides, the higher concentration of MDA in ovine maternal and fetal blood and placentomes indicated that oxidative stress was generated in 50% NRC group (Tables 4 and 5 ). This finding was in accordance with the results reported by Gao et al. (2012 Gao et al. ( , 2013 . In our study, we found that the concentration of Table 7 Effects of dietary supplementation of N-carbamylglutamate (NCG) and rumen-protected L-arginine (RP-Arg) on mRNA concentration of select angiogenic and vasoactive factors and their receptors among type A, B, C, and D placentomes in nutrient-restricted Hu sheep on day 110 of gestation.
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s.e.m. GSH-Px and MDA was reduced and the concentration of T-AOC and SOD was increased in the maternal and fetal blood samples and placental tissues (caruncle and cotyledon) in both NCG-and RP-Arg-treated underfed ewes (Tables 4 and 5) , which showed that NCG and RP-Arg could reduce the stress reaction and improve the antioxidative capacity. We also found that supplementation with NCG or RP-Arg significantly increased the fetal body weight compared with 50% NRC group, suggesting a potentially important role for NCG or RP-Arg in mitigating the adverse effects of oxidative stress on fetus. The present data also indicated that NCG-or RP-Arg-alleviated feed restricted-induced oxidative stress via enhancing SOD and T-AOC levels and inhibiting lipid oxidation subsequent with MDA generation. Glutathione homeostasis in body is an important cellular defense against oxidative stress and involves in the cellular redox state and in the detoxification process (Yin et al. 2013b ). Thus, we speculated that NCG-or RP-Arg-alleviated feed restricted-induced oxidative stress in fetus through increasing glutathione synthesis mechanism. However, further data about the serum and hepatic glutathione synthesis function are needed to validate this explanation. The results of our study also showed that the antioxidative capacity of each placentome category (caruncle and cotyledon) was decreased with chorioallantoic eversion from A to D types ( Table 5 ). The concentration of DNA was used as an index of hyperplasia, and the protein:DNA and RNA:DNA ratios were used as indexes of hypertrophy and potential cellular protein synthetic activity, respectively (Scheaffer et al. 2004) . In caruncular tissue, there was no effect of diet on DNA, RNA, or protein concentrations, and the RNA:DNA ratio and the protein:DNA ratio were not affected by treatment (Lekatz et al. 2010a,b) . These reports were in accordance with the results of our study (Table 6 ). In cotyledonary tissue, the amount of nutrition did not affect DNA concentration. However, nutritionrestricted ewes had lower protein concentration compared with the control ewes, and the control ewes had a greater cell size as indicated by a greater protein:DNA ratio compared with the nutrition-restricted ewes (Lekatz et al. 2010b) , which was in accordance with the results in our study. We also found that RP-Arg and NCG could increase the cell size by improving the ratio of protein:DNA. The protein:DNA of each placentome category decreased with chorioallantoic eversion from A to D types (Table 6 ). By contrast, there were no differences in DNA, RNA, protein, or the ratios of RNA:DNA (potential cellular activity) or protein:DNA (potential hypertrophy) based on placentome type in caruncular or cotyledonary tissue (Vonnahme et al. 2008) . The reason for the difference will need to be further studied.
P-value
The VEGF proteins are mostly known to regulate the processes of vasculogenesis and angiogenesis (Demir et al. 2007 , Arroyo & Winn 2008 . VEGF, as a potent endothelial survival factor, induces vasodilation and facilitates blood flow by increasing NO production, and also a potent promoter of endothelial permeability the role of placental growth factor1 (PlGF1) (Valdes & Corthorn 2011) . The VEGF appears to be nutritionally sensitive, as we have previously shown increased placental VEGF mRNA expression in the cotyledon following a switch from a normal to an underfed intake, which was associated with an increase in maternal progesterone (Luther et al. 2007) . This was in accordance with our finding in this study (Tables 7 and 8) . This suggests that the increased VEGF mRNA expression in the cotyledon of undernourished pregnant Hu ewes may have been directly mediated by progesterone. We also found that maternal progesterone concentration was decreased by RP-Arg or NCG supplement in nutrient-restricted ewes compared with nutrient-restricted ewes; however, the VEGF mRNA expression did not differ by RP-Arg or NCG supplement in nutrient-restricted ewes (Table 7) because L-arginine and N-carbamyl glutamic acid metabolism results in the NO production. Nitric oxide (NO), a product of arginine catabolism, plays a crucial role in regulating placental angiogenesis (Satterfield et al. 2012 ). In the cotyledon, nutrient restriction causes an increase in FLT1 mRNA expression (Lekatz et al. 2010b) , which agrees with our findings in ewes (Table 7) . The expression of FLT1 mRNA in cotyledonary tissue was in accordance with the VEGF mRNA expression in our study (Table 7) . This may be due to FLT1, which is the receptor for VEGF (Lekatz et al. 2010b ). There was a tendency for more advanced placentomes (from A to D) to have greater cotyledonary GUCY1B3 mRNA levels (Vonnahme et al. 2008) , which was in accordance with the results in our study (Table 7 ). There was also no effect of placentome type on the expression of select angiogenic and vasoactive factors and their receptors, except for GUCY1B3 mRNA levels (Table 7) . By contrast, Jensen et al. (2007) reported an increase in VEGF mRNA levels in type B placentome compared with all other types. These differences might be related in part to breed and environmental conditions. Leptin, a product primarily of white adipose tissue, links metabolic state with fertility (Wathes 2012). It has been reported that as body fat percentage and leptin concentrations increase, fertility may become impaired in several species (Zieba et al. 2005) . However, physiological leptin concentration is critical for normal reproductive function in mammals (Zieba et al. 2005) . The concentrations of leptin in plasma have been shown to be a direct reflection of the amount of body fat (Dagogo-Jack et al.1996 , McGregor et al. 1996 , and reproductive function is substantially affected by bodyweight and nutritional status (Martin et al. 1994) . Results from our study reported that 50% NRC ewes had approximately two-fold less serum leptin compared with 100% NRC ewes, whereas the RP-Arg or NCG supplement in nutrient-restricted ewes had 1.35-fold more leptin than the 50% NRC ewes (Table 8 ). These results showed that leptin was reduced by feed restriction, which may cause significant decrease in body weight due to a reduced fat mass. Leptin levels were improved to promote fetal development by RP-Arg or NCG supplementation in nutrient-restricted ewes. In our study, leptin was increased as gestation advanced (Table 8 ). These were in accordance with the results reported by Linnemann et al. (2000) , who also found that leptin levels were markedly increased in maternal dietary intake level during pregnancy. These may be due to an increase in maternal body weight and the amount of body fat as gestation advanced.
IGF1 regulates endocrine and reproductive functions in ruminants (Monget & Martin 1997) . It has been reported that nutrition directly relates to circulating IGF1 concentrations in ruminants (Caldeira et al. 2007 ). Thyroid hormones have been shown to be involved in the regulation of IGF1 (Thissen et al. 1995) . Nutrient restriction during gestation reduces maternal IGF1, T 3 , and T 4 concentrations, and maternal serum T 3 and T 4 concentrations declined with advancing day of gestation (Ward et al. 2008 ). T 4 :T 3 ratios were unaffected by source or concentration of Se treatment, and T 4 :T 3 ratio increased as gestation progressed (Ward et al. 2008) . These were in accordance with the results of our study. In this study, IGF1, T 3 , and T 4 concentrations were reduced by feed restriction and were improved to promote fetal and placental developments, although T 4 :T 3 ratios were unaffected, by RP-Arg or NCG supplementation in nutrient-restricted ewes ( Table 8) .
The activation of mechanisms in response to stress is coordinated by the hypothalamus-pituitary-adrenal (HPA) axis (Munhoz et al. 2008) . The HPA axis is a major part of the neuroendocrine system and its main role is to subserve the body's response to a stressor, physical, or emotional condition, which disrupts the homeostatic balance of the organism (Habib et al. 2001) . Synthesis and secretion of cortisol are regulated by the pituitary hormone adrenocorticotropin, which in turn is regulated by hypothalamic corticotropinreleasing hormone with the synergistic action of arginine vasopressin (Papadimitriou & Priftis 2009) . In this study, nutrient restriction induced a stress response increasing maternal cortisol concentration. Further we report that this maternal cortisol concentration was reduced by RP-Arg or NCG supplementation in nutrient-restricted ewes (Table 8 ) because RP-Arg or NCG supplements could reduce the stress reaction to suppress the activity of the HPA axis to produce less cortisol. In addition, maternal cortisol concentration declined with advancing day of gestation from 50 to 110. This was in accordance with the result reported by Lemley et al. (2014) because the reaction of the HPA axis to stress is different over the course of pregnancy and the function of the HPA axis is influenced by pregnancy (Obel et al. 2005) .
During the last third of gestation, both progesterone and estradiol-17β concentrations were increased in nutrient-restricted ewes compared with controls and were increased as gestation advanced (Vonnahme et al. 2013 , Lemley et al. 2014 . These were in accordance with the results of our study. In addition, in our study, maternal progesterone and estradiol-17β concentrations were decreased in both NCG-treated underfed ewes and RP-Arg-treated underfed ewes compared with the underfed ewes. The decrease in circulating estradiol-17β and progesterone concentrations could be attributed to either a reduction in the production of the steroids from the placenta or an increase in the catabolism by the liver (Sangsritavong et al. 2002) , as increased NO, a product of arginine catabolism, results in increased liver blood flow, and increased steroid catabolism. However, Satterfield et al. (2013) reported that L-arginine administration did not affect maternal progesterone concentration in nutrient-restricted ewes, which was different from the result in our study. This difference may be due to litter size, the length of fetal nutrient deprivation, as well as the dose, duration, and timing of L-arginine administration.
In conclusion, the fetal weights were increased in both NCG-and RP-Arg-treated underfed ewes than in the 50% NRC ewes. Dietary supplementation of NCG and RP-Arg to underfed ewes could influence maternal endocrine status, improve the maternal-fetalplacental antioxidation capability, and promote fetal and placental development during early-to-late gestation. Future studies are needed to investigate the presence of other metabolic regulators in the placenta. We will also study the new framework of molecular mechanisms responsible for the beneficial effects of NCG and RP-Arg in regulating conceptus growth and development.
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